In this paper, we examine the development of a decentralized control framework for a modular system of wheeled mobile manipulators that can team up to cooperatively transport a large common object. Each individually autonomous mobile manipulator consists of a differentially-driven wheeled mobile robot (WMR) with a passive, two-degree-of-freedom, planar, revolute-jointed arm mounted in the plane parallel to the base of the WMR. The composite multi-degree-of-freedom vehicle, formed by placing a common object on the end-effector of two (or more) such mobile manipulator systems, possesses the ability to accommodate relative positioning errors of the mobile bases as well as change its relative configuration. Particular attention is paid for the development of kinematic control schemes for mobile manipulators, which take into account the non-holonomic constraints of the base and the presence of passive joints in the manipulator system. The control scheme developed for the individual mobile manipulators is then adapted for the decentralized kinematic control of two mobile manipulators carrying a common object along a desired trajectory. Experimental evaluation of the performance of the resulting approach and the ability of the overall collaborating system to accommodate, detect and correct for relative positioning errors between the mobile platforms is also presented.
INTRODUCTION
Our overall goal is the design, development and implementation of a flexible, scalable and modular framework for multiple individually autonomous mobile manipulators to team up to cooperatively transport large objects. Such frameworks for remotely-controlled or remotely-supervised cooperation of multiple autonomous mobile manipulators have many applications for material handling in diverse domains.
Wheeled Mobile Robots (WMRs) have been extensively studied in the past by many researchers in the field of robotics. Designs for individual platforms, with multiple sets of disc wheels attached to a common chassis, are popular since this permits the load and the tractive forces to be distributed among the multiple wheels.
However, the mobility and controllability of the resulting wheeled mobile platform, depends largely upon the type/nature and location of the attached wheels. Specifically, arbitrarily locating and actuating such sets of wheels often results in degradation of performance, due to the incompatibility of the wheel velocities. Hence the design and control of such vehicles needs to explicitly take into account maintenance of the compatibility conditions. In the plane, these conditions take the form of requirement for a common instantaneous center of rotation (ICR) for all the wheels. Most design approaches, therefore, consider the addition of active or passive articulations between the wheels and the chassis to satisfy this requirement.
In our work, we consider the formation of larger composite wheeled vehicles by coupling together multiple individual differentially-driven mobile bases (each possessing a single rigid axle between two fixed disk wheels with the usual complement of nonholonomic constraints). As in the case of the individual platforms, two or more such wheeled mobile bases with rigid axles cannot be rigidly coupled to each other without experiencing degradation of performance. Hence, an intermediate compliant linkage (with at least three d.o.f.) needs to be introduced between the two axles to decouple the motions of the individual platforms [1] . Two such example vehicles, the CLAPPER and the OMNIMATE, featuring such a compliant linkage with two passive revolute joints and one passive prismatic joint, were built and tested.
Such vehicles fall under the classification of multipledegree-of-freedom (MDOF) vehicles, since they possess more than the required number (two) of actuators. While MDOF systems have been found to display exceptional maneuverability in tight quarters in comparison to conventional 2-d.o.f vehicles, their over-constrained nature and redundant actuation can create increased wheel slippage and a buildup of internal forces [2] . The compliant linkage also plays an important role here by enabling such systems to accommodate momentary controller errors without transferring any mutual force reactions between the bases. However, the biggest limitation of the CLAPPER/OMNIMATE designs comes from the fact that the two mobile bases have to stay assembled together because of the compliant linkage. Hence, in our implementation, we propose the development of a composite MDOF vehicle with an alternate modular formation of a compliant linkage between the wheeled bases. Each of our basic modules consists of a passive, planar, twodegree-of-freedom (d.o.f) arm mounted atop a differentiallydriven wheeled mobile base. The planar 2-d.o.f arms of adjacent modules supporting the common object create an effective articulated compliant linkage between the two wheeled bases, as shown in Figure 1 . We note that the use of the two such mobile manipulators creates a passive RRRR linkage between the two mobile bases, introducing greater than the minimum required (three) d.o.f between the bases. However, our selection of the topology of the individual mobile manipulator modules is guided by the requirement for modularity (in terms of easy attachment/detachment of multiple such modules to a common payload while maintaining at least three d.o.f. within each sub-chain).
The resulting composite vehicle possesses: (i) ability to accommodate changes in the relative configuration (by virtue of the compliant linkage); (ii) a mechanism for detecting such changes (using sensed articulations); and (iii) means to compensate for such disturbances (using the redundant actuation of the bases), while performing the payload transport task, as we will see in subsequent sections.
Careful selection of the parameters of the intermediate compliant linkage (including link-lengths and initial configuration) is critical, and these aspects are examined elsewhere [3, 4] . In this paper, we will restrict our attention to the development of a control method for the overall system that is suitable for implementation as an online method, (i.e. permits incorporation of sensor data and is computationally efficient) while permitting decentralized operation of the individual modules. In particular, we will examine the use of the linkmounted joint encoders to localize the individual modules relative to each other and permit the maintenance of the relative configuration.
PREVIOUS LITERATURE
Mobile manipulator systems are typically composed of a mobile base platform with one (or more) mounted manipulators [5, 6] . While the benefits include increased mobility and workspace provided by the mobile base, many of the key issues and challenges arising for such systems need to be addressed.
Redundancy Resolution: Firstly, combining the mobility of the base platform and the manipulator creates redundancy since the combined system typically possesses more degrees of freedom than necessary. In particular, any given point in the workspace may be reached by moving either the manipulator arm or moving the mobile base or by a combination of the two and a suitable method of resolution of this redundancy becomes important [6] . The determination of the actuator rates for a given end effector motion of a redundant manipulator is typically an under-constrained problem but essential for motion planning/control of such systems. A number of schemes have been proposed in the literature for the redundancy resolution in serial-chain manipulators, with the principal underlying theme of optimizing a measure of performance based on kinematics (or in some cases the dynamics) of the system. See Nakamura [7] for a review of these methods.
In the context of mobile manipulators, several of these results have been extended and applied to such systems resulting in two principal approaches. The first approach, exemplified by Seraji [5] , extends Whitney's approach for kinematic redundancy resolution, to fully-actuated mobile manipulators. Seraji incorporates the nonholonomic base constraints directly into the task formulation as kinematic constraints together with other user-defined differential taskconstraints to obtain a full rank Jacobian which may then be inverted uniquely. However, as Wang and Kumar [8] note, if the combined Jacobian is not the Jacobian of a kinematic function f(q), the resulting trajectories may not be globally integrable. Further, this approach assumes and hinges on a fully actuated manipulator configuration, which makes it difficult to adapt this approach to our case, since our mobile manipulator possesses a mixture of active and passive joints.
The second approach [6] , decomposes the motion of the mobile manipulator into decoupled mobile platform and manipulator subsystems. The mobile platform is controlled so as to bring the manipulator into a preferred operating region/configuration with respect to the mobile platform (using criteria such as the manipulability measure) as the end-effector performs a variety of unknown manipulation tasks. This approach lends itself better to decentralized planning and control of the mobile base and the manipulator arm. It is also noteworthy that extensions of the second approach to dynamic redundancy resolution in fully actuated mobile manipulators have also been examined, in particular to study of the effect of the dynamic interaction between the manipulators and the mobile platform on the task performance [9] . However, in this paper, we focus our attention purely on kinematic redundancy resolution schemes, building on the second approach.
Nonholonomic Motion Planning/Control: Secondly, if the base mobility were provided by a track or gantry or another manipulator, the kinematics of the base platform are very similar to those of the mounted manipulator, and, the base may be treated as additional revolute/prismatic joints of the mounted manipulator. However, if the base platform takes the form of a wheeled mobile robot, it is subjected to non-integrable velocity level kinematic constraints and the resulting class of "nonholonomic mobile manipulators" requires special treatment.
Specifically, the configuration space of a differentiallydriven WMR operating on a planar surface, is threedimensional. However, the WMR can instantaneously move only in a two-dimensional subspace due to the presence of nonholonomic wheel constraints, which restrict all velocity components parallel to the axle. These non-holonomic constraints can be written as first order non-integrable differential equations in Pfaffian form, permitting the state equation to be written in the form of a drift-free affine system. Considerable literature in the field of control of nonholonomic WMRs has focused on developing feedback control laws to tackle three principal cases: (i) posture tracking; (ii) path following; and (iii) the more difficult posture stabilization problems. Since WMRs cannot be stabilized to a single equilibrium point by a continuous (smooth) time-invariant pure state feedback law, due to the violation of Brockett's condition [10] , the two major solution approaches have involved using: (a) discontinuous but time-invariant state feedback laws; or (b) continuous but time-varying and non-linear feedback control laws. Other strategies motion planning and control of drift-free affine systems by conversion to canonical representations, such as chained systems [11] , have also been explored. See [12] [13] [14] for further details.
Cooperation: Finally, there is far less literature which deals with cooperation of mobile manipulator systems. Khatib et al. [15] develop a decentralized control structure for cooperative tasks with mobile manipulation systems with holonomic bases and fully actuated manipulators. Osumi [16] proposes a leaderfollower approach where the other robots estimate the motion of the leader through the motion of the object and are locally controlled. Kosuge et al. [17] , propose a simple method for carrying a large object by cooperation of multiple mobile manipulators with impedance based controllers by selectively locking and unlocking some joints of the mounted manipulators on mobile platforms.
CONTROL OF INDIVIDUAL MODULES
Samson and Ait-Abderrahim [18, 19] proposed a method of using continuous time-varying nonlinear feedback for the posture-tracking problem for wheeled mobile robots and later extending it to address the point stabilization problem. This method, termed the 'Virtual Robot Algorithm', assumes that the desired reference trajectory is generated by a suitable selection of a forward velocity ( ( )) r v t and an angular velocity ( ( )) r t ω of a virtual unicycle robot and the control law is calculated as a time-varying function of the states of both the actual WMR and reference/virtual unicycle robot that will permit the tracking of the desired trajectory. We adopt this technique for controlling each mobile base and refer the reader to [18, 19] or the detailed discussion in Chapter 7 of Canudas de wit et al. [12] .
Our proposed mobile manipulator control scheme, belongs to the decoupling class of approaches. Here, an arbitrary desired trajectory is specified for the end-effector frame attached to the end of the 2-link manipulator arm. For a given desired manipulator configuration, this allows computation of the corresponding desired trajectory for the reference frame attached to the mid-point of the two wheels of the mobile base.
However, the computed desired trajectories for the mobile platforms may be unrealizable since they need not satisfy the nonholonomic constraints. The collocation of the base joint of the manipulator with the center of the wheel axle in our mobile manipulator modules plays a vital role in the resolution of this problem. The collocation creates a coupling between the orientation of the base and the rotation of the first joint, and our method takes advantage of this coupling to develop suitable reference trajectories for the wheeled mobile base that satisfy the non-holonomic constraints, as will be discussed in the rest of this section. 
Due to the collocation of the base of the manipulator and the midpoint of the axle, the rotation of the basejoint 1 θ and the orientation of the mobile base φ are coupled by a relationship of the form: 
Given a desired end-effector trajectory , 
In order to hold the manipulator at a predetermined configuration, we will require that 2 0 d θ = enabling us to write an expression for the desired velocities for frame M as:
cos( ) sin cos sin( ) cos sin
However, we note that frame M is rigidly attached to the mobile robot and aligned with its X axis, the direction of forward travel of the mobile robot. Since the nonholonomic constraints of the mobile robot do not permit velocities in any other direction, this permits us to uniquely determine both the desired orientation of the frame M and the magnitude of the desired forward velocity as:
Further, noting Eqn. 3, we may also write:
By setting 1 0 d θ = , to prevent drift of the configuration, we obtain:
Thus, the velocity level relationship combined with the nonholonomic constraint (requirement for zero sideslip) permits the composite angle γ to be resolved into its two individual components. Any desired trajectory for the end-effector ( ,
robot, that serve to provide the reference trajectory for the mobile base.
However, the same passive manipulator joints, which permit accommodation of positioning errors between the endeffector and the mobile base, also make the configuration very prone to drift. Such drift can arise due to a variety of reasons including bumps, disruption and inertial effects. Using the joint angles measurements (from the encoders at the articulations), the same algorithm can also serve as an online sensor-based motion planning scheme.
To summarize, the above approach permits the creation of trajectories for the mobile bases in response to specified trajectories for the end-effector with the following features: (i) the desired trajectories for the mobile bases are guaranteed to satisfy the nonholonomic constraints imposed on the bases; (ii) the desired trajectories for the mobile bases are generated so as to maintain a desired configuration between frames M and E while still retaining the ability to accommodate relative positioning errors; and (iii) the overall method is relatively simple and well suited for implementation as an online planning/control algorithm, with the inclusion of sensor information. We implement decentralized cooperation in a system of two mobile manipulators by considering a frame attached to a point of interest on the common object as the end-effector frame of both the flanking mobile manipulator systems (see Figure 3) . Thus, a desired trajectory specified for this object frame then provides the desired reference trajectories for the two mobile platforms using the framework developed in the previous section. Each two-link mobile manipulator now controls its configuration with reference to this common end-effector frame mounted on the object. Such a scheme is that it lends itself well to task specification, in terms of a frame attached to the common manipulated object, provided the locations of the attachments of the physical manipulators with respect to the object reference frame are known apriori.
DECENTRALIZED
Under ideal situations and perfect tracking by the two mobile bases, the entire system behaves like one large rigid body following a prescribed trajectory. However, in reality, small disturbances and deviations from perfect trajectory tracking by the two mobile bases are inevitable. The three unactuated degrees of freedom in the articulated manipulator arm accommodate these relative positioning errors of the mobile bases. Internal measurement of configuration of the linkage using the encoders permits detection and correction of the relative positioning between the mobile bases, without the need for external sensing.
Experimental Setup and Evaluation
In our work, we also examined the design, development and successful implementation of a system of two collaborating wheeled mobile manipulators within a unified framework, as shown in Figure 4 . Our paradigm for rapid development, refinement and implementation of system design emphasizes: (i) Development of the control scheme in a user-friendly, graphical, high-level block diagrammatic language (that preserves design intent but permits hierarchical abstraction and encapsulation; (ii) Simulation, testing and refinement of the control system by virtual prototyping; (iii) Rapid conversion of the refined control system into a form suitable for real-time execution on an embedded controller for hardware-in-the-loop testing. Key aspects of the design, analysis, refinement, and ultimately developing the experimental test bed for a system of two cooperating mobile manipulators are discussed in [3] . The desired task is prescribed as motion of the frame attached to the midpoint of the common object along a straight line trajectory (forward velocity of 1 in/s and zero angular velocity). Figure 5 depicts the nominal desired relative configuration of the overall system with frames (M) of MPA and MPB initially aligned in the same direction but offset by a distance of 62 cm in the Y direction. With this information, the algorithm developed in the previous section can be used to prescribe the desired trajectories for both mobile bases (MPA and MPB). Further, in order to experimentally validate the efficacy of the method, we introduce a significant disturbance to the relative configuration of the system by causing the left wheels of MPA to run over a small bump.
We then examine the performance of the overall system under two scenarios. In Case A, both mobile robots use odometric estimation of their current position for control and Figure 6 depicts the result of the control scheme. Figure 6 In contrast, in Case B, MPA obtains an estimate of its current position relative to MPB using the sensed articulations. This information is then used in the online planning scheme to create a 'Corrected Desired' trajectory for use in the control and the results of the implementation of this control scheme are shown in Figure 7 . In each of the figures (a-c), the 'Desired (Original)' (--line) is the nominal desired trajectory that was computed offline; the 'Desired (Corrected)' (-x-line) is the desired trajectory resulting from the online sensor-based computation that deviates from the nominal desired trajectory in response to the changed relative configuration; and 'Actual' (-o-line) is the actual trajectory followed by the system as determined by post-processing the measurements of the instrumented articulations.
Discussion
As seen in Figure 6 , odometry estimation erroneously indicates that mobile platforms were successful in maintaining the desired relative configuration/separation. Hence, the system is unable to detect or correct for changes in the relative position of MP B with respect to MP A, when only odometric estimates are used. However the data obtained from the articulations accurately captures the existence of errors between the frames of reference of MP B and MP A.
Thus, when the articulation-based estimation of relative configuration/separation is used for the control, the system is not only able to detect disturbances to the relative configuration but can successfully correct it to restore the original configuration of the articulation, as seen in Figure 7 . While the relative system configuration is maintained, errors relative to a global reference frame cannot be detected if both mobile bases undergo identical simultaneous disturbances. Detection of such absolute errors would require an external reference and is not considered here.
CONCLUSION
In this paper, we examined the design, development and successful implementation of a decentralized control scheme for a system of two collaborating wheeled mobile manipulators transporting a common object while maintaining a desired relative configuration. We first examined the development of a method for controlling a mobile manipulator system, as a variant of the method proposed by Yamamoto and Yun [6] . Our method extends their approach to handle the case when the manipulator arm is mounted at the center of the axle between the two driven wheels, which is a singularity of their approach. The proposed method creates feasible desired trajectories for the wheeled base, while maintaining a desired manipulator configuration, for arbitrary end-effector trajectories. Further, the developed algorithm is well-suited for implementation as an online planning algorithm. This served as the basis of the decentralized control scheme for controlling the collaborating system of two mobile manipulators. The framework developed here lends itself well to implementations on larger systems with further addition of mobile manipulator modules. Experimental evaluation verified the ability of the combined system to accommodate, detect and correct disturbances to the relative configuration that arise due to its interaction with the world.
